Methods and Results. In the present study we investigated the effect of dietary fish oil on oxLDL-induced leukocyte/endothelium interaction using intravital fluorescence microscopy in the dorsal skinfold chamber model in awake Syrian golden hamsters. Hamsters were fed for 4 weeks prior to the experiments with either standard laboratory chow or a diet supplemented with 5% of a fish oil concentrate (18% eicosapentaenoate, 12% docosahexaenoate). The efficacy of the fish oil diet was demonstrated by the incorporation of fish oil-derived w-3 fatty acids into plasma, leukocyte, and erythrocyte lipids. In control hamsters (n =7) and fish oil-fed hamsters (n=7), leukocyte/endothelium interaction was assessed in the time course after intravenous injection of human LDL (4 mg/kg), oxidized by 7.5 ,uM Cu2+ (6 hours, 37°C). In control hamsters, injection of oxLDL elicited the rolling and sticking of leukocytes to the endothelium of arterioles and postcapillary venules with a maximum 15 minutes after injection (arterioles: from 3+1 to 91±25 cells/mm2 at 15 minutes; venules: from 13±6 to 150±46 cells/mm2 at 15 minutes; mean±+SD). This phenomenon was significantly reduced in fish oil-fed hamsters, where 15 minutes after injection of oxLDL leukocyte sticking reached a maximum of only 15±7 and 20+5 cells/mm2 in arterioles and postcapillary venules, respectively (p <0.01 versus control animals).
Conclusions. The results of the present study suggest that inhibition of leukocyte/endothelium interaction may be one of the mechanisms by which dietary fish oil exerts its protective effects on experimental and clinical atherogenesis. (Circulation 1991; 84:1725 -1731 T he adhesion of leukocytes to the vascular endothelium at sites of impaired vascular integrity and their emigration into the subendothelial space has been identified as one of the earliest events in atherogenesis.1,2 In vitro studies suggested that oxidatively modified low density lipoprotein (oxLDL) is involved in leukocyte recruitment and adhesion to the vascular endothelium.34 Although oxLDL is rapidly cleared from the circulation by endothelial cells in the liver,5 several lines of evidence have demonstrated the presence of oxLDL in atherosclerotic lesions. 67 We have recently provided in vivo evidence that intravenous administration of oxLDL elicits the adhesion of circulating leukocytes to the microvascular endothelium in an experimental model in awake hamsters8 and that this phenomenon can be prevented by pretreatment of the animals with an inhibitor of leukotriene biosynthesis. 9 Leukotrienes are formed in the 5-lipoxygenase pathway from arachidonic acid (AA). Leukotriene (LT)B4, one of the most powerful chemotactic substances known, stimulates the adhesion of leukocytes to the endothelial lining and their emigration across the endothelial wall.10 The generation of biologically active leukotrienes from AA can be inhibited not only pharmacologically but also by the incorporation of eicosapentaenoic acid (20:5; EPA) and docosahexaenoic acid (22:6; DHA) into the 2-position in leukocyte phospholipids."1"2 EPA and DHA are the predominant i-3 polyunsaturated fatty acids (PUFAs) in fish oil. 11, 12 LTAs derived from EPA is both a substrate and an inhibitor of LTA4-hydrolase'3 and is metabolized to LTB5. LTB5 competes for receptors with LTB4 and is a weak agonist compared with LTB4 in eliciting leukocyte chemotaxis and adhesion.14 Consequently, leukocytes from fish oil-treated human subjects were found to exhibit a markedly reduced response to various chemotactic stimuli1215 and failed to adhere to LTB4-pretreated endothelial cells. '5 In the present study, we demonstrate that the underlying characteristic changes in leukocyte fatty acid composition can be induced by feeding hamsters for 4 weeks with a fish oil-supplemented diet and that this dietary regimen effectively protects from leukocyte/endothelium interaction as elicited by intravenous administration of oxLDL.
Methods

Animal Model
For intravital fluorescence microscopy, we used the dorsal skinfold chamber preparation in awake Syrian golden hamsters. 16 This model permits the simultaneous quantification of leukocyte/endothelium interaction as well as of microhemodynamic parameters such as vessel diameter and erythrocyte velocity in arterioles and postcapillary venules of a thin striated muscle in vivo. The animals were given water and standard commercial laboratory chow (Altromin, Lage, Germany) ad libitum and assigned randomly to fish oil diet or control diet. In fish oil-fed hamsters, the laboratory chow was supplemented for 4 weeks prior to the experiments with 5% by weight of a commercially available fish oil concentrate (EICOSAPEN, Hormon Chemie Pharma, Munich, Germany), consisting of 17.9% EPA and 11.9% DHA, as verified in our laboratory by capillary gas chromatography,'7 and a 0.2% supplement of vitamin E (final vitamin E content in the fish oil-supplemented diet: 171 mg/kg). The animals tolerated the fish oil diet well. The weight gain was similar in fish oil-fed and control animals.
Fatty Acid Determinations
EDTA-anticoagulated whole blood was collected from the aorta after laparatomy in anesthetized hamsters (pentobarbital 60 mg/kg body wt i.p.). Plasma, erythrocytes, and leukocytes were separated by density gradient centrifugation. Total lipids were extracted and fatty acids were determined by capillary gas chromatography as previously described. 17 The data given in Tables 1-3 are expressed as weight percentage of all fatty acids identified. 
Surgical Technique
The experimental preparation used in this study is similar to that described previously in detail16 except for minor modifications. Briefly, Syrian golden hamsters (6-8 weeks old, weighing 60-80 g) were anesthetized by intraperitoneal injection of pentobarbital (60 mg/kg body wt) (Nembutal, Abbott, Wiesbaden, Germany). The entire back of each animal was shaven, and two titanium frames were implanted so as to sandwich the extended double layer of the skin. One layer was completely removed in a circular area of 15 mm in diameter and the remaining layer, consisting of epidermis, subcutaneous tissue, and a thin striated skin muscle, was covered with a glass cover slip incorporated into one of the frames. Meticulous care had to be given to prevent hemorrhages into the chamber tissue from severed microvessels. We observed no enhanced incidence of bleeding complications in fish oil-fed hamsters. Fine polyethylene catheters were inserted into the jugular vein and the carotid artery, respectively, passed subcutaneously to the dorsal side of the neck, and sutured to the titanium frames. The animals tolerated the dorsal skinfold chambers well and showed no signs of discomfort. In particular, no effects on sleeping and feeding habits were observed. Lipoproteins Whole blood was collected from healthy human subjects (20-30 years of age) into tubes containing 
Values are mean±SD. Fatty acids were determined by capillary gas chromatography from blood samples taken from control hamsters and from hamsters after 4 weeks of dietary supplementation with 5% fish oil concentrate. Results are expressed as weight (%) of total fatty acids identified. *p<0.005, tp<0.001 vs. corresponding values in control animals (Mann-Whitney test).
1.5 mg dipotassium EDTA/ml blood. LDL fractions were isolated by density gradient centrifugation.18 LDL density cut was d= 1.045-1.065 g/ml. LDL stock suspensions containing EDTA were stored (4°C under argon in the dark) for a maximum of 7 days. Prior to oxidative modification of LDL, EDTA was removed by chromatography on Sephadex columns (PD-10, Sephadex G-25M; Pharmacia, Uppsala, Sweden). Cholesterol content was determined by Cholesterin Monotest (Boehringer Mannheim, Mannheim, Germany). LDL suspension was diluted by phosphate-buffered saline (PBS, without Ca2' and Mg2+, pH 7.3, 21°C) (Sigma Chemical Co., St. Louis, Mo.) to reach a final LDL cholesterol concentration of 0.85 mg/ml. Oxidative modification of LDL was achieved by incubation of the LDL suspension (1-1.5 ml in PBS) in 7.5 ,uM Cu2+ (CuS04, M, 249.68;
Merck, Darmstadt, Germany) for 6 hours in a water bath at 370C.19 The oxidation of thus modified LDL has previously been verified by the demonstration of tocopherol utilization, degradation of PUFAs, and the formation of lipid peroxides.9 In particular, electrophoretic mobility of LDL on agarose gel was significantly increased, reflecting increased negative surface charge of oxLDL and suggesting a modification of apolipoprotein B.9 Immediately after oxidative modification, oxLDL (5 ml/kg body wt) was injected intravenously as a bolus into the hamsters via permanent jugular catheters.
Intravital Fluorescence Microscopy
A recovery period of 48-72 hours between implantation of the skinfold chamber and the microscopic investigation was allowed to eliminate the effects of anesthesia and surgical trauma on the microvasculature. Muscle arterioles ,tm in diameter) were chosen for investigation, as well as postcapillary venules (20-60 ,um in diameter). Leukocyte/endothelium interaction, vessel diameter, and erythrocyte velocity were assessed in five postcapillary venules and five arterioles in each observation chamber in awake animals. The identical vessel segments were examined before and over the time course after injection of oxLDL using a computer-controlled stepping-motor-driven platform. For visualization of leukocytes, the in vivo fluorescent marker acridine orange was infused intravenously at a constant rate of 0.5 mg/kg/min. Epiillumination was achieved with a 75 W, direct current, xenon lamp attached to a Ploemopak illuminator with a 12 blue filter block (Leitz, Wetzlar, Germany). The microscopic images (25 x water immersion objective; total magnification, x 560) were recorded on videotape and analyzed off-line using a computer-assisted microcirculation analysis system (cAmAs).20 In arterioles and postcapillary venules, adherent leukocytes were defined in each vessel segment as cells that did not move or detach from the endothelial lining within an observation period of 30 seconds and are given as number of cells per nun2 of endothelial surface, calculated from diameter and length of the vessel segment studied (200 ,um). In postcapillary venules, rolling leukocytes are given as percentage of nonadherent leukocytes passing through the observed vessel segment within 30 seconds. In arterioles, where the high erythrocyte velocity does not permit the discernment of free-flowing leukocytes within the central blood stream, rolling leukocytes are defined as number of cells slowly traversing the observed vessel segment along the endothelial wall within 30 seconds. In order to take the various arteriolar diameters into consideration, rolling leukocytes are expressed in proportion to the inner vessel circumference (in mm). Vessel diameters were assessed by cAMAs and erythrocyte velocities were assessed by dual slit cross-correlation.
Results
Incorporation of co-3 Fatty Acids Into Plasma, Erythrocytes, and Leukocyte Lipid
The fatty acid compositions of plasma, erythrocytes, and leukocytes from control hamsters and fish oil-fed hamsters are depicted in Tables 1-3 . The high dietary intake of w-3 PUFAs resulted in increased levels of these PUFAs in plasma, erythrocytes, and leukocyte total lipids. While in plasma and erythrocytes EPA and DHA, the major fish oilderived w-3 PUFAs, were added to the proportionally unchanged lipid pool (Tables 1 and 2 ), EPA and DHA were introduced at the expense of AA in leukocyte total lipids: the sum of AA, EPA, and DI-IA was not significantly different before and after 4 weeks on the fish oil-supplemented diet ( Table 3 ). It has been suggested that the incorporation of c-3 fatty acids occurs during cell development. 21 This may explain why after 4 weeks of dietary fish oil supplementation to the hamsters in our study, EPA and DHA were introduced into short-living leukocytes at the expense of AA while no major exchange for AA was observed in long-living erythrocytes. In all compartments, the increased levels of w-3 fatty acids resulted in a significant decrease in the AA/ EPA weight percent ratios and the (co-3)/(w-6) weight percent ratios (Tables 1-3 ). The drop in the AA/EPA weight percent ratios corresponds well with characteristic changes in AA/EPA weight percent ratios in human subjects after 615,22 or 812 weeks on a fish oil-supplemented diet.
Microcirculatory Changes After Injection of oxLDL
Under normal conditions, represented by the baseline situation, the majority of leukocytes did not interact with the microvascular endothelium. Intravenous injection of oxLDL (4 mg LDL cholesterol/kg body wt) elicited an immediate onset of leukocyte rolling along the endothelial lining and subsequent firm adhesion to the endothelium of arterioles, pref- erentially at vessel bifurcations, and to the endothelium of postcapillary venules (Figures 1 and 2) . In contrast, no Values are mean±SD; n=7 animals per group. Erythrocyte velocities in postcapillary venules were assessed by dual slit correlation. Microvessel diameters were assessed by CAMAS, a computer-assisted microcirculation analysis system.20 i * interaction was observed following injection of native LDL and of LDL-free Cu2`solution (data not shown). In a previous study we demonstrated that oxLDL-stimulated leukocyte/endothelium interaction involves monocytes, granulocytes, and lymphocytes,9 which is in agreement with morphological studies on cholesterol-fed animals, where not only monocytes but also lymphocytes and granulocytic cells readily interacted with the endothelium and contributed to lesion inception and progression. 2 The higher total number of sticking leukocytes (per mm2) of endothelial surface in postcapillary venules compared with arterioles ( Figures 1 and 2 ) may be due to differences in local shear force conditions with low shear forces prevailing in venules and high shear forces in arterioles.
When injected into fish oil-fed hamsters, oxLDL failed to elicit leukocyte rolling and adhesion to the endothelium of arterioles and postcapillary venules (Figures 1 and 2) . The microhemodynamic response to the injection of oxLDL, assessed in postcapillary venules by the parameters erythrocyte velocity and vessel diameter, was similar in control hamsters and fish oil-fed hamsters ( Table 4 ), suggesting that the protection from oxLDL-stimulated leukocyte/endothelium interaction observed in fish oil-treated animals was not secondary to changes in microhemodynamic and thus local shear force conditions. Due to technical limitations of the dual slit cross-correlation, the assessment of higher erythrocyte velocities in arterioles did not yield reliable results. However, no obvious differences were noted between control hamsters and fish oil-fed hamsters following injection of oxLDL nor did we observe differences in diameters of arterioles between the two experimental groups (data not shown).
Discussion
In control hamsters, systemic administration of oxLDL elicited the adhesion of leukocytes to the endothelium not only of postcapillary venules (Figure 1) , where leukocyte/endothelium interaction is a constant finding in response to various noxious stim- u1i23 but also of arterioles ( Figure 2 ). In contrast, leukocyte/endothelium interaction in both arterioles and postcapillary venules was effectively inhibited when oxLDL was injected into hamsters that had been fed with a fish oil-supplemented diet for 4 weeks prior to the experiments (Figures 1 and 2) . This finding parallels a previous observation in the same animal model, where oxLDL-stimulated leukocyte adhesion was inhibited to a comparable extent by pretreatment of the animals with MK-886, a selective inhibitor of leukotriene biosynthesis.9 The similarities between the two studies and the observation that dietary fish oil inhibits the generation of biologically active leukotrienes11,12 leads us to propose that under the conditions of our experiment dietary fish oil may have prevented leukocyte/endothelium interaction through the inhibition of leukotriene biosynthesis. This assumption is supported by the demonstration that the fish oil-fed hamsters of our study showed the same characteristic changes in leukocyte fatty acid composition ( Table 3 ) that have been shown to suppress the generation of biologically active leukotrienes and to inhibit leukocyte function in fish oil-treated human subjects. 12, 15, 22 The mediator role of leukotrienes in leukocyte/ endothelium interaction has recently been demonstrated in a model of experimental ischemia/reperfusion injury, where postischemic leukocyte adhesion to the endothelium of microvessels in striated skin muscle was prevented to a similar extent by leukotriene biosynthesis inhibition24 and dietary fish oil. 25 Recent studies have provided insight into the cellular and molecular mechanisms involved in leukotriene-mediated leukocyte/endothelium interaction: LTB4 induces leukocyte adhesion to the endothelium through the upregulation of CDi1b/CD18 (Mac-1, CR3) adherence receptors on the leukocyte surface. 26 Compared with LTB4, EPA-derived LTBs is about two orders of magnitude less potent in upregulating CD11b/CD18 (Mac-1, CR3).27 Additionally, dietary fish oil induces a variety of other changes, some of which may have contributed to the inhibitory effects on leukocyte/endothelium interaction: Another potent stimulus of CDllb/CD18 upregulation and therefore leukocyte/endothelium interaction is platelet activating factor (PAF).28 It has been shown in humans that the production of PAF by leukocytes is markedly inhibited when fish oil-derived w-3 fatty acids are incorporated in their membrane phospholipids, replacing AA in alkyl phosphatidylcholine, the precursor molecule for PAF formation. 29 While the leukocyte-confined adhesion receptor CD11b/CD18 is upregulated by LTB4 and PAF, its endothelial counterpart is upregulated by the action of interleukin-1 and tumor necrosis factor.30 The generation of both cytokines by mononuclear cells has been found suppressed by dietary fish oil in human subjects. 22 Fish oil may attenuate leukocyte/endothelium interaction not only through the inhibition of adhesionpromoting mediators but also through enhanced gen-eration of antiadhesive forces. Among those, prostacyclin has been shown to defend against leukocyte adhesion to the endothelium.31 Fish oil diet increases prostacyclin formation by adding the active trienoic prostaglandin (PG)13 to PGI2,32 which remains unchanged or is increased per se.33
Finally, effects of dietary fish oil on blood viscosity, erythrocyte deformability, production of endotheliumderived relaxing factor, and platelet-derived growth factor, vascular compliance, and response to catecholamines have to be considered.34 However, in our study we observed no difference in the response of erythrocyte velocity and vessel diameter to the injection of oxLDL between control and fish oil-fed hamsters (Table 4 ), suggesting that the inhibition of oxLDL-induced leukocyte/endothelium interaction by dietary fish oil was not secondary to changes in microhemodynamic conditions.
Epidemiologic observations on Greenland Eski-mos35 and cholesterol-feeding studies on laboratory animals3637 have demonstrated that the protective effects of dietary fish oil on atherogenesis were not the result of a hypolipidemic action of w-3 fatty acids, but rather of effects on vessel wall and circulating blood cells. The conclusion drawn from the present study, that dietary fish oil may exert its preventive effects on atherogenesis through the inhibition of oxLDL-induced leukocyte/endothelium interaction, is in agreement, and extends recent reports, demonstrating that dietary fish oil significantly reduces the excessive number of leukocytes attached to the arterial endothelium in cholesterol-fed swine38 and reduces the numbers of monocytes/macrophages within atherosclerotic lesions in cholesterol-fed rhesus monkeys. 37 Although caution should be exercised in extrapolating the results obtained within the defined conditions of our acute experiment to the chronic process of atherogenesis, the results obtained suggest that inhibition of leukocyte adhesion to the vascular endothelium may be one of the mechanisms by which fish oil exerts its protective effects on experimental and clinical atherogenesis and may furthermore explain the low incidence of chronic inflammatory diseases in populations with high dietary intake of w-3 fatty acids. 39 
